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The Drosophila BMP Type II Receptor
Wishful Thinking Regulates Neuromuscular
Synapse Morphology and Function
(Schuster et al., 1996a, 1996b; Zito et al., 1999). This
augmentation to synapse size is thought to help main-
tain a constant synaptic efficacy as the muscle volume
increases up to 150-fold during larval growth.
Several studies have identified a number of mediators
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channel proteins such as EAG and Shaker and compo-2 Howard Hughes Medical Institute
nents of the cAMP cascade, for example, lead to hyper-University of Minnesota
excitability with a concomitant increase in bouton num-Minneapolis, Minnesota 55455
ber and branching (Budnik et al., 1990; Zhong et al.,3 Section of Neurobiology
1992). Likewise, changes in Fas II, a NCAM-like adhesion4 Section of Molecular, Cellular
molecule that is localized in both the pre- and postsyn-and Developmental Biology
aptic membranes, can dramatically influence boutonInstitute for Cellular and Molecular Biology
number depending on the level of residual proteinThe University of Texas at Austin
(Schuster et al., 1996a, 1996b). The cytoskeleton also227 Patterson Laboratories
appears to play a role in mediating synaptic growthAustin, Texas 78712
since mutations in the microtubule-associated protein
Futsch result in reductions in bouton number and an
increase in bouton size (Roos et al., 2000). Recently,Summary
Futsch translation has been shown to be negatively reg-
ulated by the RNA binding protein coded for by Drosoph-Proper synaptic development is critical for establish-
ila homolog of the Fragile X gene (Zhang et al., 2001).ing all aspects of neural function including learning,
In addition to these adhesion and cytoskeletal compo-memory, and locomotion. Here, we describe the phe-
nents, ubiquitination-dependent mechanisms also ap-notypic consequences of mutations in the wishful
pear to regulate synaptic growth (DiAntonio et al., 2001).thinking (wit) gene, the Drosophila homolog of the
Despite the identification of such a diversity of mole-vertebrate BMP type II receptor. Mutations in wit result
cules that influence synaptic morphology, growth, andin pharate lethality that can be rescued by expression
plasticity, little is understood about the signaling mecha-of a wit transgene in motor neurons but not in muscles.
nisms that coordinate the expression and activity ofMutant larvae exhibit small synapses, severe defects
these proteins. Bi-directional communication betweenin evoked junctional potentials, a lower frequency of
neurons and postsynaptic cells is likely to be essentialspontaneous vesicle release, and an alteration in the
for this process and evidence for retrograde signalingultrastructure of synaptic active zones. These results
has been obtained in a variety of systems (Petersen etreveal a novel role for BMP signaling in regulating
al., 1997; Fitzsimonds and Poo, 1998; Schuster et al.,Drosophila neuromuscular junction synapse assembly
1996b). A classical mode of intercellular communicationand activity and may indicate that similar pathways
is via diffusible factors and their cognate membranecould govern vertebrate synapse development.
receptors. Members of the TGF- superfamily of se-
creted polypeptides regulate numerous developmentalIntroduction
and physiological processes in a wide range of organ-
isms (reviewed in Massague´, 1998) and are therefore
The Drosophila neuromuscular junction (NMJ) has
reasonable candidates for secreted factors that might
served as an ideal model system for investigating the
influence synapse development. In this paper, we pro-
genetic basis of synapse establishment as well as for vide evidence linking TGF- signaling to control of NMJ
analyzing how synapses grow and remodel during later synapse maturation and function.
stages of development. Drosophila NMJ synapses share Signaling by ligands of the TGF- family is mediated
several common features with central excitatory syn- by two distinct classes of transmembrane serine/threo-
apses in the vertebrate brain. They are glutamatergic, nine kinases, known as type I and type II receptors.
utilize highly homologous ionotropic glutamate recep- Ligand binding induces a heteromeric complex in which
tors, and show activity-dependent remodeling (reviewed the type II receptor phosphorylates serine residues
in Budnik and Gramates, 1999). Also similar to vertebrate within the GS box of the type I receptor and thereby
central synapses, sites of transmitter release are found activates its kinase domain so that it can bind and phos-
at active zones within boutons that exhibit close apposi- phorylate an appropriate receptor regulated Smad
tion of pre- and postsynaptic membranes without signifi- (R-Smad) (Wrana et al., 1994). Once phosphorylated,
cant intervening deposits of basal lamina. R-Smads complex with a common nonphosphorylated
Drosophila NMJ synapses are initially established dur- Smad (Smad4) and translocate to the nucleus where
ing late embryonic stages and then grow significantly they mediate either transcriptional activation or repres-
during larval development exhibiting increases in sion depending on the particular set of cofactors present
branching, bouton number, and active zones per bouton in the cell receiving the TGF- type signal (Miyazono et
al., 2001).
The general paradigm for TGF- signaling, as derived5 Correspondence: moconnor@mail.med.umn.edu
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from studies on vertebrate systems, appears to be con- verely reduced evoked junctional potentials and display
served in invertebrates. A recent scan of the completed a high rate of failures at low extracellular [Ca2]. The
Drosophila genome reveals the presence of seven TGF- frequency of spontaneous vesicle release is significantly
type ligands, three type I and two type II receptors, two reduced as are synapse size and bouton number. In
R-Smads, one common Smad, and one inhibitory Smad contrast, quantal size appears relatively normal. Ultra-
(Newfeld et al., 1999). Many of these components have structural analysis of mutant boutons reveals alterations
been genetically characterized by loss-of-function stud- in the morphology of the active zones, suggesting that
ies, and they can be assigned to one of two primary reduced quantal transmission results from a presynaptic
signaling pathways. In the embryo, studies of mutations active zone defect. These results highlight a role for
in the BMP ligands Decapentaplegic (Dpp), a functional BMP signaling in regulating Drosophila synapse assem-
ortholog of vertebrate BMP2/4, and the BMP–5/6/7 rela- bly and/or maintenance. Furthermore, they raise the
tives Screw and Gbb, reveal that this pathway primarily possibility that, like TGF- (Zhang et al., 1997), BMP
regulates patterning via effects on cellular differentiation signaling may regulate additional aspects of synaptic
(reviewed in Raftery and Sutherland, 1999). At later plasticity such as those associated with long-term facili-
stages, Dpp and Gbb also control patterning and prolif- tation and memory. Aberle et al. (2002 [this issue of
eration of imaginal tissues. In contrast, the activin path- Neuron]) have obtained similar results using an elegant
way appears to primarily regulate proliferation of the genetic screen.
imaginal discs and larval brain cells but has only minimal
effects on patterning (Brummel et al., 1999). Results
All three BMP ligands appear to share a common set
of receptors that include the type II receptor Punt and wishful thinking Is a Close Relative of the
the type I receptors Thick veins and Saxophone (re- Vertebrate BMP Type II Receptor
viewed in Raftery and Sutherland, 1999). Activation of We identified the wishful thinking gene by screening a
these receptors leads to phosphorylation and nuclear Drosophila genomic library under low stringency condi-
translocation of Mad, the Drosophila homolog of Smad1, tions with a labeled degenerate oliogonucleotide probe
in a complex with Medea, the Drosophila Smad4 homo- specific for TGF--like receptors of the type II class.
log. In contrast, the activin type I receptor Baboon sig- This gene has also been predicted by the Drosophila
nals in conjunction with Punt through dSmad2 in re- genome project and is listed as CG10776 (see GadFly,
sponse to an as yet uncharacterized ligand. http://www.fruitfly.org/annot/index.html). Using a DNA
Based on sequence information, the only principal fragment of phage SE20 (Figure 1A) as probe, we
TGF- type signal transduction component remaining screened a 12–24 hr embryonic cDNA library and ob-
to be described in Drosophila is predicted to code for tained a single positive clone. This cDNA, pMBO1869,
a type II receptor. In this report, we describe the cloning, was sequenced and found to be 4218 bp in length (ac-
expression, and phenotypic characterization of muta- cession number AF237561), and to code for an ORF of
tions in this receptor that we have named wishful think- 2712 bp. Conceptual translation of this ORF produces
ing (wit). Wit is most closely related to the vertebrate a 903 amino acid (aa) protein, with a signal peptide, a
BMPRII and Mu¨llerian Inhibitory Substance (MIS) type single membrane-spanning domain, and a Ser-Thr ki-
II receptors (Baarends et al., 1994; Kawabata et al., 1995; nase domain followed by a carboxy-terminal tail of 378
Liu et al., 1995), both of which are characterized by aa with no distinctive features other than an abundance
presence of a large carboxy-terminal extension distal of Ser and Thr residues. The overall domain structure,
to the kinase domain that is not found in the ActRII and
including the presence of the carboxy-terminal tail, is a
TGF- type II receptors. BMPRII is the only vertebrate
characteristic feature of the BMPRII and MIS type II
type II receptor that specifically binds BMP type ligands
receptors (Baarends et al., 1994; Kawabata et al., 1995;and not other members of the TGF- family. Knockout
Liu et al., 1995). Phylogenetic analysis of the kinaseof this receptor in mice results in embryonic lethality,
domain (Figure 1B) clearly places Wit as a close homologsuggesting that it is the type II receptor which functions
of the vertebrate BMPR-II receptor. However, despitewith ALK-3 to convey the BMP-4 signal during gastrula-
the similarity within the kinase domain, we note that thetion (Beppu et al., 2000). Studies in Xenopus indicate
C-terminal tail of Wit shows very little identity to the tailsthat BMPRII is required for mesodermal patterning and
of either BMPRII or the MISR other than a short stretchsuppression of neural fate in the ectoderm (Frisch and
of 7 aa shared with BMPRII within the C-terminal regionWright, 1998). In humans, mutations in BMPRII cause
of the tail (Figure 1C).primary pulmonary hypertension (PPH) (Deng et al.,
2000; Lane et al., 2000; Thomson et al., 2000).
wishful thinking Is ExpressedIn Drosophila embryos and third instar larvae, wit is
in the Nervous Systemheavily expressed in a subset of neuronal cells. Consis-
We investigated where wit function might be requiredtent with a role for Wit as a BMP type II receptor that
during Drosophila development by examining its ex-modulates neuronal function, we find that wit null mutant
pression pattern using in situ hybridization. In embryos,embryos show a specific loss of phosphorylated-Mad
wit transcription is first observed at stage 12 within a(P-Mad) staining within motor neurons but not in other
subset of cells in the developing central nervous systemtissues. Using various Gal4 drivers, we further demon-
(CNS) (Figure 2A). We note no maternal deposition, con-strate that Wit expression in motor neurons is sufficient
sistent with the absence of a requirement for wit expres-to recover viability. Electrophysiological analysis of the
sion in the germline (see below). By stage 13 (Figureneuromuscular junction (NMJ) synapses in third instar
larvae demonstrates that wit mutant animals have se- 2B), wit remains restricted to the CNS, where it is ex-
BMP Receptor Required for Synapse Function
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Figure 1. Molecular Analysis of wit
(A) Genomic map of wit. Telomere to the right. Restriction sites for BamHI (B), EcoRI (E), HindIII (H), SalI (S), and XbaI (X) are indicated. The
arrow underneath the map indicates the extent of the transcription unit, and the thicker part of the arrow represents the ORF. The SalI-BamHI
fragment within which the distal breakpoint of Df(3L)C175 falls and the direction in which DNA is removed by the deficiency are indicated by
an arrow. The lines above the map indicate the extent covered by the different constructs used for genomic rescue. Continuous line, denotes
construct rescues wit; discontinuous line, denotes construct does not rescue wit. (B) Phylogenetic analysis (McVector 7.0, Clustal V) of the
kinase domain of Drosophila (black boxes) and human type II receptors of the TGF- superfamily. (C) Sequence alignment of Wit, human
BMPR-II and MISR, and Drosophila Punt. Residues conserved in 3/4 sequences are boxed. Also boxed in Wit and BMPR-II is the only area
of homology between the proteins in the C-terminal tail. The signal peptidase cleavage site in Wit is indicated by a filled arrowhead, the
transmembrane domain by a bracket, and the extent of the kinase domain is indicated by arrows on top of the sequence. The empty arrowhead
indicates the end of the short isoform of BMPR-II, while the diamond and the asterisk indicate the end of the truncated cDNA and genomic
(respectively) forms of Wit used in rescue experiments. Mutations found in wit alleles are boxed in black in the Wit sequence. Boxed residues
in the BMPR-II sequence indicate mutations found in familial (black) or sporadic (gray) PPH. Circles mark missense mutations, and squares
nonsense mutations or frameshifts. Accession numbers: Wit AF237561; BMPR-II NP_237561, AAA86519; MISR JC4335, Punt A48678.
pressed for the rest of embryonic development. A larger 17, we also note expression of wit in the prothoracic
component of the ring gland (Figure 2F).number of cells express wit in the CNS by stage 14
(Figure 2C), and the message can also be detected in In larvae, wit is expressed strongly in the brain lobes
and more weakly in the ventral ganglia (Figure 2G). Allthe PNS and in leading edge cells during dorsal closure
(Figure 2D). After dorsal closure is complete, we see imaginal disks also express wit but, with the exception
of the wing disc, without a prominent spatial patterncontinued expression of wit in the CNS and PNS as well
as in portions of the gut (Figure 2E, stage 16). By stage (Figure 2H). In the wing disc, we see abundant transcrip-
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Figure 2. RNA Expression Pattern of wit
(A) Lateral view of a stage 12 embryo showing the earliest detectable expression of wit. (B) Ventral view of a stage 13 embryo showing specific
wit expression in a subset of CNS cells. (C) Ventral view of a stage 14 embryo showing expanded expression in the CNS. (D) Dorsolateral
view of a stage 14 embryo showing wit in the PNS and leading edge cells during dorsal closure. (E) Lateral view of stage 16 embryo. In
addition to PNS and CNS, the gut (arrows) also shows wit expression. (F) Dorsal view of a stage 17 embryo showing strong expression of
wit in the fully condensed CNS and moderate expression in the ring gland (arrows). (G) Dorsal view of a third instar larva central nervous
system, showing strong expression in the optic lobes and central brain and weaker signal in the ventral ganglion. (A–F) Anterior to the left.
(H) Third instar larva leg imaginal disk, generalized expression of wit. (I) Third instar larva wing imaginal disk, generalized expression of wit
with a discrete enrichment along the A/P border of the notum.
tion in the wing pouch and also a broad band of cells not completely cover wit do not rescue this group of
mutants (Figure 1A). To confirm that l(3)64Aa does in-along the anterior-posterior margin, particularly in the
presumptive notum (Figure 2I). deed contain lesions within wit, we sequenced genomic
DNA from five l(3)64Aa alleles. In each case, a molecularIn vertebrates, two alternatively spliced isoforms of
the BMP type II receptor have been reported (Kawabata lesion was identified in the wit coding sequence (Figure
1C). Since all alleles of l(3)64Aa contain mutations in theet al., 1995; Liu et al., 1995). The shorter version ends
28 aa after the kinase domain and does not contain the wit transcription unit, they will henceforth be referred to
as wit alleles. Among the various lesions isolated, witA12carboxy-terminal extension (Figure 1C). By develop-
mental Northern analysis we detect a single 4.5 kb tran- likely represents a simple null allele since the C684T
change introduces an early stop codon prior to the trans-script at all stages (not shown), suggesting that only
one isoform of wit is expressed in Drosophila. membrane segment (Figure 1A). We also identified the
proximal breakpoint of the small deficiency Df (3L) C175
to the 3 portion of the wit transcription unit. Interest-Identification of Mutations in wit
ingly, no mutations were found in the carboxy-terminalWe mapped wit to the 64A region on the left arm of the
extension of Wit, despite the fact that this region repre-third chromosome by in situ hybridization to polytene
sents over 40% of the coding sequence and that muta-chromosomes. This region had been screened pre-
tions in the tail of human BMPRII account for some casesviously by EMS mutagenesis for the presence of lethal
of PPH (Deng et al., 2000; Lane et al., 2000; Thomson etcomplementation groups (Harrison et al., 1995; Kulkarni
al., 2000).et al., 1994). To determine if one of these lethal comple-
mentation groups corresponded to the wit gene, we
tested for rescue of different complementation groups Characterization of the wit Lethal Phenotype
To determine the wit lethal phase, we quantitated theusing several P element transformant lines containing
genomic DNA that covered the wit transcription unit. number of wit mutant embryos that survived to the first
instar, third instar, and pharate stage. All transheterozy-We found that transgenic lines which contain the entire
wit transcription unit, as well as 1.8 kbp or more of gous combinations of wit alleles were l00% lethal, with
no adult escapees. Approximately 50% of the mutantupstream sequence, rescued the l(3)64Aa complemen-
tation group (Harrison et al. 1994), while P lines that do animals survive to the pharate stage. The remaining
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animals die during larval and early pupal stages. We Since mutations in the tail of the human BMPR type
noticed that the animals that do survive to the pharate II receptor have been isolated that affect its function
stage exhibit the head expansion and abdominal peri- (Deng et al., 2000; Lane et al., 2000; Thomson et al.,
staltic movements characteristic of normal pre-eclosion 2000), we examined whether the carboxy-terminal ex-
behavior, but did not rupture nor escape from the pupal tension of Wit is also required for viability. To address
case. Removing the operculum and underlying pupal this issue, we generated a genomic rescue construct in
cuticle was not sufficient to allow the animals to eclose. which the tail was truncated from 351 to 88 aa. This
If the animals are dissected free of the pupal case and construct was able to rescue wit mutant animals to full
cuticle, they remain alive for several days but, for the viability. Using the Gal4-UAS system, we also expressed
most part, exhibit only sporadic leg movements. None in the nervous system a truncated form of Wit that had
of these animals inflate their wings. However, when the only 24 aa of the carboxy-terminal tail and observed
wings were artificially inflated by immersion in water, similar results. We conclude that the carboxy-terminal
they showed no patterning defects. Many of the dis- extension is not required for viability, possibly account-
sected animals showed a bend in the femur or tibia, the ing for the absence of lethal mutations mapping to this
phenotype being more pronounced and frequent in the part of the protein.
metathoracic leg. A small fraction of the animals also Since in many tissues Punt appears to be the primary
exhibited truncations of the tarsal segments (data not type II receptor for mediating BMP signals, we examined
shown). These defects are unlikely to be the cause of whether overexpression of Punt in neurons would res-
the inability to eclose since the penetrance of such de- cue wit mutants. We found that expression of UAS-punt
fects is incomplete, and animals rescued to viability by using elav-Gal4 did not rescue wit mutant animals nor
expression of Wit in the nervous system (below) still did ubiquitous expression of wit rescue punt mutations,
showed leg defects yet were able to escape the pupal suggesting that these two receptors are not functionally
case. interchangeable for mediating TGF- type signals during
The general morphology of the wit pharates was ana- development.
lyzed by silver staining of 10 m paraffin sections. Gen-
eral organization of neural centers and muscle groups Wit Propagates a BMP Type Signal
is essentially normal, and neither misrouted axonal Although Wit shows a strong overall similarity to the
tracts nor fasciculation defects were found (not shown). vertebrate BMP type II receptor, its signaling mecha-
We generated germline clones in an attempt to un- nism remains untested. To examine whether Wit actually
cover earlier phenotypes. Maternally depleted animals mediates a BMP type signal, we made use of an antibody
derived from null alleles showed the same lethal phase that specifically recognizes the phosphorylated form of
and range of defects as those found in the zygotic mu- Mad (P-Mad) (Tanimoto et al., 2000), the major trans-
tants, indicating that wit is not required in the germline ducer of BMP signals in Drosophila. This antibody
or in the early embryo. shows no crossreactivity to the activin-specific dSmad2
protein in tissue culture signaling assays (data not
Wit Is Required for Neuronal Function shown) and therefore is indicative only of BMP signaling.
The inability of wit mutants to eclose, together with the
In late embryos, this antibody reveals an intricate devel-
locomotion defects exhibited by dissected animals and
opmental pattern of BMP signaling (Figure 3), including
the strong neural expression of wit, indicates that Wit’s
P-Mad accumulation in the developing midgut and gas-function is likely to be required in neurons. To determine
tric cecae that closely parallels dpp expression and isif the nervous system is the primary tissue requiring
thought to be indicative of cells receiving a Dpp signal.wit activity, we expressed wit cDNA using a number of
In addition to these sites of accumulation, we also notedifferent promoters as well as with the conditional Gal4-
a novel pattern of P-Mad accumulation in a subset ofUAS expression system (Brand and Perrimon, 1993).
neurons. Staining is first evident at late stage 15 (FigureSeveral independent lines of both Hsp70-wit and ubiqui-
3A) and then becomes more elaborate and intense as thetin-wit were able to rescue different wit allelic combina-
embryos continue to develop. Ultimately about 35–40tions indicating that low level, ubiquitous expression of
neurons per hemisegment show strong staining by stagewit is sufficient to ensure its function. Using the Gal4
17 (Figure 3B). This expression continues into the firstsystem, we found that drivers such as nervana (Sun et
instar stage (Figure 3C) but is not detectable in late thirdal., 1999) and elav (Lin and Goodman, 1994) that are
instar larvae. The pattern of P-Mad accumulation in theexpressed in most or all differentiated neurons com-
CNS is completely abolished in wit mutant embryos (Fig-pletely rescued wit mutant animals to full viability. Other
ure 3D) whereas all other patterns of P-Mad accumula-drivers such as twist (pan mesoderm) or Mhc (myosin
tion appear normal. Conversely, with the exception ofheavy chain promoter, muscles) showed no rescuing
the CNS pattern, all other sites of P-Mad accumulationability.
in late embryogenesis are absent in zygotic punt nullSince wit mutants exhibit defects in locomotion, we
mutants (Figure 3E). Maternal null embryos cannot bealso examined whether more limited expression of wit
examined since they do not develop an organized CNS.in motor neurons could rescue wit lethality. We found
These observations are consistent with Wit function be-that viability is restored to wit mutants when two differ-
ing required specifically in the CNS to transduce BMPent Gal4 drivers, BG380 (Budnik et al., 1996) and OK6
signals whereas other sites of P-Mad accumulation re-(Aberle et al., 2002), whose expression in larvae is pri-
sult from signaling by Punt, the primary Dpp type IImarily restricted to motor neurons, are used. These re-
receptor.sults demonstrate that Wit activity is primarily required
in differentiated motoneurons. The number and the positions of P-Mad-positive cells
Neuron
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bryos for P-Mad and several other markers, including
Even-skipped and Lim-3, two transcription factors ex-
pressed in discrete subsets of embryonic motoneurons
and interneurons (Landgraf et al., 1999; Thor et al., 1999).
We also stained for Fasciclin II (Fas II), a neural adhesion
molecule expressed in a subset of interneurons as well
as most motoneurons (Lin and Goodman, 1994). As
shown in Figure 4A, there is colocalization of Eve and
P-Mad in the RP2 and U/C motoneurons but not in the
EL interneurons, while P-Mad and Lim-3 colocalize in a
lateral cluster of cells that include motoneurons 28 and
14/30. In addition, Lim-3 and P-Mad colocalize in RPs
1, 3, 4, 5 (Figure 4B). The Fas II antibody highlights axon
tracts and cell bodies of most motoneurons as well as
some interneurons. We find that most, if not all, P-Mad
cells also show colocalization of Fas II (Figure 4C). These
findings suggest that Wit is required to transduce BMP
signals in motoneurons and is consistent with the ability
of UAS-wit constructs to rescue wit mutants when ex-
pressed with a motoneuron-specific driver.
wit Mutants Exhibit Severe Defects in
Neurotransmitter Release at the NMJ
Since mutations in the C. elegans unc-129 gene, which
encodes a BMP type ligand, have been shown to exhibit
axon guidance defects (Colavita et al., 1998), we also
examined the pattern of axon tracts in wit mutant em-
bryos using the 22C10, BP102, and Fas II antibodies.
We found no evidence that wit mutant embryos have
defects in axon guidance, and the synapses of all larval
motoneurons appear to be established with their proper
targets (data not shown).
The lack of any evidence for cell fate or axon guidance
problems within the nervous system of wit mutants
prompted us to examine these mutants for alterations
in their electrophysiological properties. Since specific
expression of wit in motoneurons was able to rescue
wit mutant animals and lack of wit function resulted
in specific loss of P-Mad accumulation in embryonic
motoneurons, we focused our attention on analysis of
glutamatergic motoneuron synapses in third instar larva
NMJs. As illustrated in Figure 5, wit mutants show a
dramatic decrease in transmitter release without any
change in the average quantal size. The reduction in
evoked junctional synaptic currents (EJCs) in wit mu-
tants was significantly rescued by expression of Wit
in neurons using elav-Gal4 (Figures 5A and 5B) . This
observation is consistent with our earlier finding that
Wit is required in nerve cells and not in muscle. A propor-
tional decrease in quantal content was observed at mul-
tiple calcium concentrations, indicating that there is notFigure 3. Accumulation of Phosphorylated-Mad in the Nervous
a substantial alteration in the Ca2 cooperativity of trans-System
mitter release in the mutant (Figure 5C). In addition,All embryos are mounted with anterior on the left and are stained
with the anti P-Mad antibody. The filled arrowhead indicates the failure analysis demonstrated that most nerve stimuli
gastric cecae and the empty arrowhead the midgut. (A) yw wild- failed to evoke transmitter release at low extracellular
type late stage 15 embryo. (B) yw wild-type stage 17 embryo. (C) [Ca2] in wit mutants (73. 5%  3.68% failure rate at 0.4
yw wild-type first instar larva. (D) wit A12/witB11 stage 17 embryo. (E)
mM, n  6, p  0.001) compared to wild-type (2.64% puntP51/punt132 stage 17 embryo.
1.64%, n  9) and rescued wit larvae (6.21%  2.6%,
n11) (Figure 5D). Consistent with a high rate of failures,
the average frequency of spontaneous vesicle releaseper hemisegment at stage 17 correlates well with the
estimated number and positions of motoneurons at this was dramatically reduced in mutants by nearly 4-fold
compared to control animals (Figures 5E and 5F). Thestage (Landgraf et al., 1997; Sink and Whitington, 1991).
To better characterize the cells that accumulate P-Mad amplitude of spontaneous miniature excitatory junction
potentials (mEJPs), however, was not significantly al-in the nervous system, we double stained wild-type em-
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Figure 4. Phosphorylated-Mad Accumulation in Motoneurons
(A) The left hand panel is a compressed Z stack showing P-Mad expression (green) in a stage 17 wild-type CNS. The right hand panel is the
same embryo showing Eve staining (red) and the middle is an overlay. The aCC, RP2, and U/CQ motoneurons are indicated, as are the EL
interneurons. (B) The upper set of three panels shows one optical section at the level of the lateral cluster (lc) that comprises motoneurons
12 and 28/30. P-Mad (green) is on the left, Lim-3-lacZ (red) is on the right, and the overlay is in the middle. The lower three panels are as
above except focused at the level of the RP motoneurons. (C) The left panel shows a low magnification view of Fas II staining (red) and P-mad
(green). The ventral intersegmental neuron cluster (VIN) (Sink and Whitington, 1991) is highlighted with a white bracket. The right series of
three panels shows high magnification views of one VIN cluster from a different embryo. Pmad (green), Fas II (red).
tered in wit mutants (Figures 5G and 5H). Taken together, synapse size, bouton number, and active zone morphol-
ogy at several different muscles of segment A3 in thirdthese results indicate that wit mutants are defective for
vesicle release from the presynaptic terminal. instar larvae. The number of synaptic boutons in ventral
longitudinal muscles 6 and 7 was 57  18 for wild-type
and 31  9 for wit mutants (p  0.0001) (Figure 6A).Synapse Morphology and Ultrastructure
Are Altered in wit Mutants Since we noticed that wit mutant larvae are slightly
smaller than wild-type animals, the decrease in synapseTo determine if the reduced transmitter release ob-
served in wit mutants is caused by changes in synapse size must be corrected to account for a 25% decrease
in ventral muscle volume. After correcting for decreasedmorphology and/or ultrastructure, we examined overall
Neuron
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Figure 5. Electrophysiological Analysis of wit Mutants
(A–D) EJC analysis. wit mutations dramatically reduce transmitter release from presynaptic terminals. (A) Representative traces of EJCs
obtained at 0.8 mM [Ca2] from CS, witA12/Df C175, and rescued wit (see Experimental Procedures). (B) The amplitude of EJCs at 0.8 mM
[Ca2] is significantly reduced in witA12/Df C175 (2.60  0.73 nA, n  7) compared to either CS (36.42  6.65 nA, n  6) or rescued wit
(22.0  2.03 nA, n  8). Rescued wit animals significantly rescue the defect in transmitter release, but fall short of a full recovery compared
to CS. (C) Log-log plots of EJCs amplitude against extracellular [Ca2] ranging from 0.4 to 0.8 mM show that Ca2 cooperativity is not affected
by wit mutations. The slopes (n) of the fitted line are 3.43 for CS, 3.59 for wit rescued, and 3.45 for witA12/Df C175. (D) The frequency of stimuli
failing to evoke EJCs at 0.4 mM [Ca2] is significantly higher in witA12/Df C175 (73.5%  3.68%, n  6) compared to CS (2.64%  1.45%, n 
9), and rescued wit (6.21%  2.6%, n  11). At least four different larvae from each genotype were used for data collection in these voltage-
clamp experiments. (E–H) Mini analysis. wit mutations significantly reduced the frequency of spontaneous miniature (mini) excitatory junctional
potentials (mEJPs) without any effect on mini amplitude. (E) Representative traces of mEJPs from witA12/Df C175 and rescued wit. (F) Mini
frequency is significantly lower in witA12/Df C175 (0.73  0.11 Hz, n  18) compared to the rescued wit control (2.51  0.16 Hz, n  11). (G)
Cumulative distribution of total mEJP amplitude in witA12/Df C17is indistinguishable from that in the rescued wit control. (H) Histograms of
mEJPs from two genotypes confirm that the average mini amplitude in witA12/Df C175 (quantal size, 0.69  0.01 mV, n  1317) is similar to
that in the rescued wit animals (0.73  0.01 mV, n  1299).
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Figure 6. The Neuromuscular Junction in wit Mutants
Typical examples of motoneuron axons at ventral longitudinal muscles 6 and 7 in yw (A) and witA12/witB11 (B) third instar larvae. Axons are
labeled in green (anti-HRP) and synaptic boutons in red (anti-Csp). Note the decrease in the number of synaptic boutons, 31  9 versus 57 
18, p  0.001. (C) and (D) show the NMJ of dorsal longitudinal muscles 9 and 1 of third instar larvae stained with anti-csp. The overall length
of the synapse at muscle 9 is decreased in witA12/witB11 (D), 44  23 m versus 88  28 m (p  0.001) as compared to yw controls (C).
muscle size, the number of synaptic boutons in wit mu- arate from postsynaptic membranes (Figures 7C and
7E). This ultrastructural defect in the active zone mor-tant animals is about 70% of wild-type (Figures 6A and
6B). The synapse length in dorsal longitudinal muscle 9 phology has not been previously described and is con-
sistent with the altered transmitter release propertieswas 88 28m (all data expressed as mean standard
deviation) for wild-type and 44  23 m for wit mutants exhibited by wit mutants, and suggests that BMP signal-
ing plays an important role in synapse maturation or(p  0.0001) (Figures 6C and 6D).
Although synapse size and bouton number are re- maintenance during development.
duced in wit mutants, the overall percentage reduction
was not proportionately as severe as the reduction in Discussion
EJC magnitude. Therefore, we examined the ultrastruc-
ture of the synapses by serial section electron micros- High-fidelity neurotransmission requires precise synap-
tic contact between the neuron and its target. Synapsescopy (EM). In wild-type animals, sites of presumptive
transmitter release (active zones, Figure 7A) are charac- are established during development and in many in-
stances are subject to exquisite modulation during theterized by tight apposition of muscle and membrane
at a number of discrete sites in each bouton and the entire life of the animal. Synapse formation requires the
recruitment of a large number of specialized moleculespresence of a specialized structure referred to as T-bar
(Atwood et al., 1993; Jia et al., 1993; Figures 7C and and the assembly of complex structures on both sides
of the synaptic cleft. This process is likely regulated by7E). We find that bouton size and the overall synaptic
structure, including the subsynaptic reticulum, number both intrinsic and extrinsic cues. In this paper, we pro-
vide evidence that BMP signaling plays a key role inof synaptic vesicles, and vesicle docking at T-bars, ap-
pears normal in wit mutants (7B, note different magnifi- regulating presynaptic morphology and function at the
Drosophila neuromuscular junction.cation from 7E). However, we note that there is a dra-
matic alteration in the morphology of the active zone.
In wit mutants, the pre- and postsynaptic membranes Wit Plays a Novel Role in Neural Function
Synapse formation and maturation are relatively latein certain areas are no longer closely aligned (Figures
7B, 7D, and 7F). The presynaptic membrane detaches steps in neural development and are preceded by neural
induction, neurogenesis, neural migration, and axonalcompletely from the postsynaptic membrane, forming
large curvatures bending toward the cytosol of nerve pathfinding. Previously, BMPs and their cognate recep-
tors have been shown to be widely expressed in theterminals (arrows). Such membrane detachments also
occur in areas near the active zones (Figure 7F). Natural developing and mature vertebrate nervous system (Lo-
rentzon et al., 1996; Soderstrom et al., 1996), and numer-membrane curvatures are also observed in wild-type
controls. However, presynaptic membranes do not sep- ous lines of evidence have implicated them in controlling
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Figure 7. Ultrastructural Analysis of the NMJ in Wit Mutants
Synaptic boutons at muscle 7 of wild-type (A, C, and E) and witA12/witB11 third instar larvae (B, D, and F). ssr, subsynaptic reticulum; m,
mitochondria. Empty arrows mark active zones and filled arrowheads T-bars. Arrows point to the areas of membrane detachment between
neuron and muscle membrane. Bar: 800 nm in (A); 500 nm in (B); and 200 nm in (C)–(F).
several different aspects of neural development and The amplitude distribution of the spontaneous “mini”
releases is normal, suggesting that the neurotransmitterfunction, including neurulation, morphogenesis, lineage
decisions, and cellular maturation (reviewed in Mehler et content of the synaptic vesicles is not affected in wit
mutants.al., 1997). While wit is expressed in a subset of neurons
beginning at stage 12, we do not think that wit is required Finally, BMPs have been shown to regulate dendritic
outgrowth in neurons (e.g. see Lein et al., 1995; Withersduring early neurogenesis since we have been unable
to detect any patterning or cell fate changes during the et al., 2000), to guide pioneer motoraxons to their proper
targets along the dorsoventral axis in C. elegans (Cola-development of the embryonic CNS, and we are able to
rescue wit mutants with either the elav-Gal4 or nervana- vita, et al., 1998), and to act as chemorepellents that
guide the early trajectory of the commissural axonsGal4 drivers, the expression of which is restricted to
mature neurons after most differentiation has taken (Augsburger et al., 1999). Since we do not observe any
gross alterations in axon path finding at any develop-place.
BMPs have also been implicated in regulating neuro- mental stage in wit mutants, Wit does not appear to play
a role in axon guidance during Drosophila development.transmitter expression in neurons (e.g. see Lopez-Covi-
ella et al., 2000; Schneider et al., 1999). Although we Our results reveal a role for BMP type II receptors in
regulating the assembly or maintenance of presynaptichave not directly examined wit mutant motor neurons
for their glutamate content, we do not think that this is active zones and synaptic transmission. In wit mutants,
transmitter release is severely reduced. While this exo-the primary cause of the decrease in quantal content.
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cytotic defect could be explained by a potential endocy- it is required continuously during all larval stages or only
at a defined time during late embryogenesis and thetotic abnormality, wit mutant boutons do not show
early 1st instar to set in motion a particular developmentaldepletion of synaptic vesicles. Further, quantal size re-
program is difficult to determine. We find no P-Madmains largely unaffected by the mutation, suggesting
accumulation after the first instar stage. However, wethat postsynaptic receptors are normal. These results
know from examination of other tissues that this anti-are consistent with the observation that presynaptic ex-
body only recognizes cells receiving high levels of BMPpression of Wit can completely rescue lethality and also
signals (M.B.O., unpublished), and therefore it is possi-significantly rescues both the frequency of spontaneous
ble that a lower level of BMP signaling is required forrelease and the EJC amplitude. Finally, our ultrastruc-
synapse growth throughout the larval stages.tural studies indicate that defects in active zones may
Since Wit function is required in the presynaptic cell,underlie the severe reduction in transmitter release.
we speculate that Wit could transduce a retrograde sig-
nal from the muscle to the nerve cell that provides aPotential Pathways and Targets of wit Signaling
means of coordinating synapse growth with muscleDrosophila utilizes both BMP and Activin/TGF- type
growth. Evidence supporting a retrograde signal thatsignaling pathways during its development. The canoni-
modulates presynaptic transmitter release at the NMJcal BMP pathway employs Punt as the type II receptor
in Drosophila has come from experiments in which gluta-and Mad complexed with Medea as transcriptional me-
mate receptor levels were manipulated in postsynapticdiators. In contrast, the activin pathway appears to em-
cells (Petersen et al., 1997). In vertebrates, recent evi-ploy both Punt and Medea as common components,
dence indicates that Wnt7a is a target-derived synapto-but uses Babo instead of Sax or Tkv as the type I recep-
genic signal at the mossy fiber-granule cell synapsetor and dSmad2 instead of Mad as the R-Smad-specific
(Hall et al., 2000). While no direct evidence linking BMPcomponent (reviewed in Raftery and Sutherland, 1999).
signaling to synaptogenesis has been described pre-We have shown that wit mutants exhibit a specific
viously, it is interesting to note that TGF-2 has beenloss of P-Mad accumulation in a subset of embryonic
found to be associated with the subsynaptic muscleneurons, including most motoneurons, implying that Wit
nuclei of mature rat neuromuscular junctions, and thatmediates a BMP type signal. This suggests that Sax,
TGF- receptors are transported in an anteriogradeTkv, or both are likely to be the type I partners for Wit
fashion and inserted in the nerve terminal (Jiang et al.function. Consistent with this view, we find that tkv, sax,
2000; McLennan and Koishi, 1994). We have found thatand mad mutants show NMJ phenotypes similar to wit
Tkv is specifically localized to the NMJ synapse, sug-mutants and that combinations of activated Sax and
gesting that a similar mechanism could operate in Dro-Tkv receptors, as well as chimeric combinations of Tkv
sophila (McCabe et al., unpublished data). Candidateand Wit, can rescue many aspects of the wit phenotype
ligands for Wit would then be TGF-s expressed in the(McCabe et al., unpublished data; J. Rawson and S.
muscle.Selleck, personal communication). At this point, we can-
The targets of wit signaling are also unknown. Thenot exclude that Wit might also participate with Babo
primary defect could be in electrical activity. It is well
in mediating a dSmad2 type signal or may participate
known that electrical activity influences synapse plastic-
in a type I receptor independent mechanism.
ity and produces changes in both bouton number and
One other key issue that remains to be resolved is
morphology (reviewed in Gramates and Budnik, 1999;
the identity and source of the ligand or ligands that bind Hannan and Zhong, 1999). It is interesting to note in this
to Wit. Potential ligands could be synthesized in the regard that target-derived TGF-1 has been observed
neurons themselves and provide an autocrine or para- to stimulate the functional expression of Ca2-activated
crine type signal for presynaptic differentiation, or they K channels in developing chick ciliary ganglion. In this
could be secreted from the muscles and provide a retro- case, however, the effect appears to be mediated post-
grade signal. In Drosophila, motoneurons can differenti- translationally and therefore does not involve transcrip-
ate and form active synapses in the complete absence tional responses by Mad type factors (Cameron et al.,
of target muscles (Prokop et al., 1996). This suggests 1998, 1999).
that intrinsic cues guide most of the basic processes Although alterations in electrical activity per se could
that regulate NMJ synaptogenesis. Drosophila dActivin be responsible for some of the morphological and func-
B is expressed exclusively in the embryonic and larval tional defects that we observe, we think it more likely
CNS (Lo and Frasch, 1999 and T.E.H. and M.B.O., un- that wit mutants alter the expression of other targets.
published) and therefore might provide an intrinsic cue One gene whose expression level is known to influence
that helps regulate synapse formation, maintenance, synapse morphology is the adhesion molecule Fas II.
and function. However as discussed above, we have no Fas II is expressed both pre- and postsynaptically and
evidence as yet that Wit participates in an activin-like is required in both the muscle and neuron for proper
pathway. synapse development (Schuster et al., 1996a). Hypo-
Although the initial formation of synapses in embryos morphic mutants of Fas II exhibit either an increase or
might be driven by intrinsic cues, during larval stages the a decrease in bouton number at the third larval instar
muscle volume increases over 150-fold and the synapse stage depending on the level of the residual Fas II pro-
must grow in a regulated manner to maintain proper tein, and as shown in the accompanying paper (Aberle
synaptic strength (Zito et al., 1999). Since in wit mutants, et al., 2002), Fas II is downregulated in wit mutants.
synapse size is close to normal at the end of embryogen- However even if there is a direct effect of wit signaling
esis but is abnormal soon after (Aberle et al., 2002), we on Fas II expression, Fas II is not likely to be the only
Wit target since synaptic efficacy is not altered in fas IIinfer that wit is required for synaptic growth. Whether
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Flp; FRT-2A(79), ovoD and clones generated by heat shocking themutants (Schuster et al., 1996a, 1996b; Stewart et al.,
progeny larvae at the early first instar stage. Progeny females of1996), whereas in wit mutants there is a severe reduction
the genotype yw, Hs Flp; witG15 , FRT-2A (79)/FRT-2A 79, ovoD werein synaptic strength. Thus, if wit mutants do affect Fas
then crossed to witA12 or Df(3L)C175/ TM6, Tb males and non-Tb
II expression, then they must also alter the homeostatic progeny examined. All germline transformations were carried out
compensation mechanism that normally acts to main- by injection into Df (1)w,y87c27 stock using standard protocols. For
genomic rescue constructs, see Cha´vez et al. (2000).tain constant synaptic strength despite differences in
pre- and postsynaptic levels of Fas II protein in various
combinations of fas II alleles.
Cloning of wit and Sequencing Mutant Alleles
Other possible targets for wit signaling include com- The oligonucleotide GM09 (5-GARTGYTGGGAYCAYGAYSCNGAR-
ponents of the exocytotic machinery that controls vesi- 3) was designed to specifically recognize type II receptors of the
cle targeting, docking, fusion, or release (Broadie, 1995). TGF- superfamily without recognizing type I receptors. Hybridiza-
tion was performed for 16 hr at 53	C in 1 M NaCl, 6 mM EDTANa2,Certain allelic combinations of mutations in the rop
0.1 M TrisHCl (pH 8.3), 5
 Denhardt, 0.1% SDS, 0.05% sodiumgene, for example, cause severe reductions in both EJPs
pyrophosphate, 2 g/ml heparin, and 100 g/ml yeast RNA. Washesand the frequency of spontaneous fusion events similar
were done at 54	C (two mismatches allowed) in 3.0 M tetramethyl
to what we have found for wit mutants (Wu et al., 1998). ammonium chloride, 0.2 mM EDTANa2, 50 mM TrisHCl (pH 8.0). A
Rop codes for a member of the Sec1 family of proteins 1.0 kbp SalI fragment of phage SE20 that contains the kinase domain
thought to regulate secretion by modulating syntaxin, of the newly identified receptor was used to screen a fractionated
cDNA library (Brown and Kafatos, 1988). A single cDNA, pMBO1869,SNAP-25, and synaptobrevin complex function (Har-
was obtained.rison et al., 1994). Unlike wit mutants however, mutations
Genomic and cDNA sequence of wit was obtained by a combina-in rop do not affect overall synapse morphology.
tion of subcloning and primer walking using standard protocols. To
Perhaps the most interesting candidate targets for identify mutant alleles, PCR products that covered the wit coding
Wit signaling are those genes whose products reside in sequence were amplified from heterozygous mutant adult DNA. Di-
or contribute to active zone assembly. Very little is gestion of the template DNA with an enzyme that recognizes poly-
morphic restriction sites within the balancer chromosome was usedknown about the composition or mechanism of assem-
to eliminate balancer DNA prior to PCR amplification. PCR frag-bly of this specialized structure. On the postsynaptic
ments were sequenced using the Thermosequenase cycle sequenc-side, glutamate receptors are highly concentrated at
ing kit (USB Inc.) according to the manufacturer’s instructions. EST
active zone sites (Petersen et al., 1997; Saitoe et al., clones of wit (GH13548, RE16303, HL03890, HL03685) are now avail-
1997). However, we think it unlikely that receptor cluster- able from the Drosophila Genome project.
ing is the primary defect because the amplitude distribu-
tion of spontaneous vesicle releases is normal.
Construction of wit Transgenes
The ubiquitin and Hsp70 wit rescue constructs (pMBO2008 and
General Roles for BMP Signaling Components pMBO2010, respectively) were generated by blunt end ligation of
in Mediating Synapse Plasticity a 4.3 kbp Klenow-treated HindIII-EcoRI fragment containing the
complete wit cDNA into the StuI site of the pCaSper-Ubi (BrummelOur finding that a BMP pathway modulates synaptic
et al., 1999) or pCaSper-HS70 vectors. The UAS-wit constructstructure and function at the Drosophila NMJ is particu-
(pMBO2039) was created by ligation of a blunt 4.3 kbp HindIII-NotIlarly intriguing in light of other recent reports implicating
fragment of wit cDNA into a filled-in EcoRI site of the pUAST vectorTGF- type components in modulating neuronal plastic-
(Brand and Perrimon, 1993). The UAS “tailless” wit lacking the car-
ity (Chin et al., 1999; Zhang et al., 1997). Equally appeal- boxy–terminal extension was created by eliminating the DNA 3 to
ing in terms of a potential BMP connection is the obser- the single SacI site in the wit cDNA and fusing the remaining 5
sequence to a FLAG epitope tag followed by a stop codon. Thisvation that long-term sensitization training in Aplysia
deletion removes amino acids Ser577 through the end of the protein.induces expression of a Tld/BMP-1-like product (Liu et
The insert was subcloned XhoI-EcoRI into pUAST. The tailless geno-al., 1997). Tld/BMP-1 type proteins encode metallopro-
mic wit construct (pMBO1904) was generated by first subcloning ateases that cleave the BMP inhibitors Sog and Chordin,
9.8 kbp XbaI-BamHI genomic fragment from phage SE32 into the
respectively (Marque´s et al., 1997; Piccolo et al., 1997). XbaI-BamHI site of pCaSper4 (pMO1902). This intermediate plasmid
Thus, the complex regulatory circuit that modulates the was then digested with AgeI, filled-in with Klenow, and religated.
This generates a frameshift position Pro633 which then leads to aactivity of BMP type ligands during early embryonic de-
stop codon 26 amino acids later.velopment might also govern the activities of these li-
gands during neuronal development and may play spe-
cific roles in regulating synaptic plasticity associated Lethality Staging
with long-term learning and memory. The lethal phase of wit mutants was determined by monitoring the
development of 500 freshly laid eggs from females of the genotype
Experimental Procedures witA12/TM6B, Tb crossed to male Df(3L)C175/TM6B, Tb flies. Devel-
opmental timing and lethality were determined by counting the num-
Drosophila Stocks, Clonal Analysis, and Germline ber of animals that survived embryogenesis and then the number
Transformations that pupated. wit mutant pupae and larvae were recognized by their
The witA11, witB12, witC6, witG4, and witG15 alleles were isolated as de- Tb phenotype. At the embryonic stage, 1/4 of the total fertilized
scribed in Harrison et al. (1994) and correspond to the l(3)64Aa embryos were assumed to be wit mutants. The difference in the
complementation group. The small deficiency Df(3L)C175 is from number of wit mutant embryos versus the number that pupated was
Kulkarni et al. (1994). The elav-Gal4, OK6-Gal4, and Mhc-Gal4 lines assumed to be due to death during the three larval phases.
were obtained from C. Goodman. The nervana-Gal4 line is described
in Sun et al. (1999). The twist-Gal4 line #2517 was from the Blooming-
ton stock center. The lim3-lacZ stock was obtained from S. Thor. In Situ Hybridization
Previously described protocols were used for both RNA in situ hy-For analysis of germline clones, the wit G15 allele was recombined
onto the FRT-2A(79) chromosome. Females of the genotype witG15 bridization, Northern blot, and polytene chromosome mapping
(Brummel et al., 1999).FRT-2A(79)/TM6,Tb were crossed to males of the genotype yw, Hs
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Histology and Antibody Staining and maintained at the University of Iowa, Department of Biological
Siences, Iowa City, Iowa 52242. This work was supported by aThe following antibodies were used for characterization of the wit
mutant phenotype: monoclonal anti-lacZ (Promega), rabbit anti- fellowship from NATO to G.M. and a grant from March of Dimes to
M.B.O.; B.Z. and H.B. were supported by UT start up funds and aPSMAD1 (ten Dijke), monoclonal anti-Fas II (Goodman), monoclonal
2B8 anti-Eve (Iowa Hybridoma Bank), monoclonal ab49 anti-Csp CAREER award (IBN-0093170) from the NSF. M.B.O. is an Associate
Investigator with the Howard Hughes Medical Institute.(Zinsmaier), rabbit anti-HRP (Cappel). The Vectastain system (Vector
labs) with the Tyramide kit (NEN) or Alexa series (Molecular Probes)
secondary antibodies followed by DAPI were used for immunofluo- Received September 24, 2001; revised December 13, 2001.
rescence. Larvae were dissected and fixed in 4% formaldehyde in
PBS containing 0.5 mM EGTA, 5 mM MgCl2 for 10–20 min at room References
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